A mutant form of Klebsiella aerogenes urease possessing Ala instead of His at position 134 (H134A) is inactive and binds approximately half the normal complement of nickel (Park, I.-S., and Hausinger, R. P. (1993) Protein Sci. 2, 1034 -1041). The crystal structure of the H134A protein was obtained at 2.0-Å resolution, and it confirms that only Ni-1 of the two nickel ions found in the native enzyme is present. In contrast to the pseudotetrahedral geometry observed for Ni-1 in native urease (where it is liganded by His-246, His-272, one oxygen atom of carbamylated Lys-217, and a water molecule at partial occupancy), the mononickel metallocenter in the H134A protein was found to possess octahedral geometry and was coordinated by the above protein ligands plus three water molecules. The nickel site of H134A urease was probed by UV-visible, variable temperature magnetic circular dichroism, and x-ray absorption spectroscopies. The spectroscopic data are consistent with the presence of Ni(II) in octahedral geometry coordinated by two histidylimidazoles and additional oxygen and/or nitrogen donors. These data underscore the requirement of Ni-2 for formation of active urease and demonstrate the important role of Ni-2 in establishing the proper Ni-1 coordination geometry.
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The second urease metal ion (Ni-1) exhibits pseudotetrahedral geometry, a coordination that is unusual for nickel. The ligands to Ni-1 include the second oxygen atom of the carbamylated Lys-217, nitrogen atoms from His-246 and His-272, and partial coordination to the solvent molecule that is strongly coordinated to Ni-2.
In an effort to better characterize the novel coordination geometry observed in the Ni-1 site of urease, we have examined a mutant with His-134 substituted by Ala (H134A) that contains only this metal ion (6) . We compare the crystal structure and the UV-visible, XAS, and VTMCD spectroscopic signatures of the H134A protein to the corresponding properties of the native enzyme (5, (7) (8) (9) . 2 We demonstrate that the Ni-1 metallocenter geometry is perturbed in the H134A mutant protein, which lacks Ni-2, compared with that observed crystallographically for Ni-1 in the wild-type enzyme. Spectroscopic analyses of the novel H134A nickel center have proven useful in better understanding the spectra for the native enzyme, and these studies offer insight into a new biological nickel-binding site.
EXPERIMENTAL PROCEDURES
Protein Purification-The H134A protein was purified from Escherichia coli DH5 cells carrying the mutated pKAU17 plasmid as previously described (6) . Because the enzyme was inactive, purification was monitored by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The absence of urease activity in the H134A protein was based on a colorimetric assay in which the product ammonia was converted to indophenol under standard assay conditions (7) .
Crystallographic Methods-Crystals of the H134A protein were grown as described for the wild-type enzyme (10) . Data collection yielded 52,421 unique reflections between infinity and 2.0 Å (96% completeness, 3.3-fold redundancy), with symmetry-related R-factor for * This work was supported by the Michigan State University Agricultural Experiment Station, United States Department of Agriculture Grants 9303870 and 9503443 (to R. P. H. and P. A. K.), National Institutes of Health Grants DK45686 (to R. P. H.) and GM42025 (to R. A. S), and National Science Foundation Grant MCB9419019 (to M. K. J.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. 1 The abbreviations used are: Wat, water; XAS, x-ray absorption spectroscopy; VTMCD, variable temperature magnetic circular dichroism; ␣ c , calculated phase for structure factor; EXAFS, extended x-ray absorption fine structure; MCD, magnetic circular dichroism; rms , root mean square value for the electron density; SSRL, Stanford Synchrotron Radiation Laboratory. all data of 6.6%. The initial model was constructed starting with the refined coordinates of K. aerogenes urease at 2.2-Å resolution (Ref. 5 ; protein data bank entry 1KAU). Difference electron density maps ((F H134A Ϫ F c(holourease) , ␣ c ) and (2F cH134A Ϫ F c(holourease) , ␣ c )) were used to determine the extent and position of structural changes. Guided by these electron density maps, His-134 was replaced by Ala; Ni-2, Wat-1, and Wat-170 were removed; and Wat-176, Wat-177, Wat-178, and Wat-179 were added to the model with the program CHAIN (11). This adjusted model was refined against all data between 10.0 and 2.0 Å by using the conventional positional and restrained individual B-factor refinement protocols in XPLOR (12), followed by manual fitting to 2F o Ϫ F c maps. In the final stages of refinement, residues 317-331 were removed from the model as they had electron density less than 0.5 times the root mean square level. The final model, with an R-factor of 17% for all data ( Ͼ 0) between 10.0 and 2.0, included 752 amino acid residues, one nickel atom, and 308 water molecules. The root mean square deviations from ideality were 0.009 Å for bond lengths and 1.63°for bond angles.
UV-visible Spectroscopic Methods-UV-visible spectra of H134A mutant and wild-type ureases were obtained, and difference spectra were calculated on a Beckman DU-7500 spectrophotometer equipped with a 1.0-cm microcuvette at 25°C. For ease in spectral comparison, data for the wild-type protein were adjusted to equal the absorbance at 280 nm of the mutant protein. Based on the known composition of the protein (13), the molar absorption coefficient at 280 nm was calculated to be 57,870 M Ϫ1 cm Ϫ1 (14), and the concentration of the mutant protein used for spectroscopy was estimated to be 14.9 mg ml Ϫ1 . VTMCD Spectroscopy-VTMCD measurements over the temperature range 1.5-300 K in the UV-visible/near-IR region were carried out at a magnetic field of 4.5 teslas using an Oxford Instruments SM3 superconducting magnet mated to either a Jasco J500C (200 -1000 nm) or J720 (700 -2000 nm) spectropolarimeter. The experimental protocols used in the VTMCD measurements have been described in detail elsewhere (15) . Samples for VTMCD studies contained 60% (v/v) glycerol to ensure formation of a glass on freezing.
XAS Methods-Ni K-edge x-ray absorption spectra of the H134A urease variant were measured on beam line 7-3 at SSRL with the SPEAR ring running at 3.0 GeV and 40 -100-mA current. Details of XAS data collection and reduction are summarized in Table I . Standard EXAFS data analysis was performed (16) using EXAFSPAK software (courtesy of G. N. George). Curve-fitting was carried out on the raw EXAFS data in which single and multiple scattering paths within ϳ4.5 Å of the nickel atom were included to identify and quantify His-imidazole coordination. FEFF Version 5.05 (17) (18) (19) was used to calculate scattering amplitudes and phase shifts for each scattering path containing four or fewer legs. Coordination numbers were constrained to be integer, and the effective distances and Debye-Waller factors for outershell atoms of imidazole rings were constrained to a given ratio with the first-shell (nickel-nitrogen/oxygen) distance and Debye-Waller factor, respectively. This type of analysis typically yields first-shell distances with an accuracy of Ϯ0.02 Å.
RESULTS AND DISCUSSION
H134A mutant urease was purified as described previously (6) . This protein was devoid of urease activity (Ͻ0.001 unit mg Ϫ1 ) (6), even when chemical rescue was attempted by incubation with imidazole and nickel ions. The protein was structurally characterized by x-ray diffraction methods and spectroscopically examined as described below.
Crystal Structure of H134A Urease-The final electron density map of H134A urease (Fig. 1A) , is not a Ni-1 ligand, but is present near the metal site and acts as a hydrogen-bonding partner to Wat-176. It is interesting to note that a 2.5-Å resolution data set collected from a smaller crystal did not show evidence of the new water molecules. We suspect that this is due to Fourier transform series termination errors around the electron-dense nickel site. Selected distances and ligand-metal-ligand angles (all within 13°of being orthogonal) are shown in Table II . Consistent with the idea that individual metal-ligand interactions grow weaker as more ligands surround the metal ion (20) , the distances between Ni-1 and the protein ligand atoms are increased compared with the native enzyme. The Ni-1-O-C angle associated with the carbamylated lysine ligand is 123°in the mutant protein structure versus 132°in the wild-type protein. This shift in orientation may allow for improved interactions between the single metal and the lone-pair electrons on the carbamylated Lys carbonyl oxygen in the H134A protein compared with the native enzyme, where coordination of the second carbamate oxygen to Ni-2 causes additional constraints. As shown by a comparison of the H134A model with that of wild-type urease (Fig. 1B) , no residue near the metallocenter shifts by more than 0.5 Å. This result is consistent with the near absence of changes in the apoprotein structure 3 and indicates that the protein ligands are preorganized, perhaps related to the tight binding of nickel to urease. As expected, the ordered water structure changes at the metallocenter. Several new stabilizing hydrogen bonds are illustrated in Fig. 1B (distances are provided in Table II) . One interesting interaction is a new hydrogen bond between Asp-360 and His-136, which appears to stabilize their close approach in the absence of Ni-2.
The protein structures for the H134A and native enzymes are nearly identical, except for residues 314 -331, a flap that covers the metallocenter. For example, the root mean square deviation is 0.14 Å when comparing the 749 C-␣ positions not 3 E. Jabri and P. A. Karplus, manuscript in preparation. b Background was fitted in this region and then extrapolated to the whole data region. This background was then subtracted from raw XAS data.
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associated with this flap. The structure of this flap region in the mutant protein, however, is highly disordered. Residues 314 -316 shift by ϳ1 Å, and the rest of this flap, residues 317-331, become sufficiently disordered that we have removed them from the model. Part of the disorder in this region may arise from the absence of Wat-170 in the H134A structure. In the native enzyme, Wat-170 hydrogen bonds to His-320 and may help to anchor the flap. Thus, changes in the water structure resulting from loss of Ni-2 may be reflected in increased disorder in the flap region, but otherwise do not perturb the backbone structure.
Spectroscopic Analysis of H134A Urease-The UV-visible spectrum of the H134A mutant protein is featureless beyond the absorption bands arising from the aromatic residues, whereas that of wild-type urease possesses shoulders at ϳ325 and ϳ400 nm (Fig. 2A) . A distinct, albeit weak, absorption band at 406 nm was previously reported for the wild-type enzyme (7), but was not observed here. This absorbance feature 
is likely due to contamination by a non-urease chromophore since we noted a similar 406 nm peak in incompletely purified H134A urease samples (data not shown). As illustrated by the difference spectrum shown in Fig. 2B and consistent with earlier results (7), ␤-mercaptoethanol forms a thiolate 3 Ni(II) charge transfer complex with the urease metallocenter. This complex exhibits transitions at 322, 374, and ϳ430 nm as well as at ϳ750 nm (data not shown). In contrast, the addition of ␤-mercaptoethanol had little effect on the spectrum of the H134A protein. This result may indicate that the spectrum observed for the ␤-mercaptoethanol-bound enzyme arises only from a thiolate bridging the two nickel ions at the active site, as previously proposed on the basis of XAS studies (8) . Because the flap covering the metallocenter is highly disordered, we discount the alternative possibility that the thiol cannot gain access to the mononickel center. While Ni(II) ligand field bands are too weak to be seen in the absorption spectrum, they can be located in the VTMCD spectrum. VTMCD measurements down to liquid helium temperatures provide an optical probe for paramagnetic metal centers and have been used effectively to probe the electronic properties of paramagnetic Ni(II) centers in native urease (9), 2 the UreE protein (21), nickel-substituted rubredoxin (22) , and a range of nickel-substituted zinc enzymes and octahedral coordination complexes (23) . Fig. 3 shows VTMCD spectra in the UV-visible/near-IR region for the H134A mutant protein at temperatures between 1.8 and 10 K with a magnetic field of 4. . Based on the ligand field parameters of a wide range of octahedral Ni(II) complexes with nitrogen and oxygen donor atoms (24) , these values are consistent with no more than two His ligands. Hence, in accord with the x-ray crystal structure, the VTMCD data are indicative of a distorted octahedral Ni(II) center with mixed oxygen and nitrogen ligation.
It is clearly worthwhile to compare the VTMCD spectra of H134A mutant urease with that of the native enzyme. UVvisible VTMCD spectra of jack bean urease have been published (9) , and very similar results have been observed for K. aerogenes urease. 2 The spectra comprise two dominant negative bands centered at 420 and 740 nm that were initially attributed to the two highest energy spin-allowed d-d bands of an octahedral Ni(II) center with predominantly oxygenic coordination (9). However, subsequent studies in the near-IR re- Table III) ; C, Fourier transforms (FT) of the nickel EXAFS spectrum (OO) and simulation (---) shown in B (fast Fourier transforms were performed over the k ϭ 2-13 Å Ϫ1 range with a rectangular window and k 3 weighting).
FIG. 2.
Comparison of wild-type and H134A mutant urease UV-visible spectra. A, spectra of wild-type (OO) and H134A (⅐ ⅐ ⅐ ⅐) ureases (14.9 mg ml Ϫ1 ) in 100 mM HEPES buffer, pH 7.75, containing 10 mM EDTA and in buffer containing 5.0 mM ␤-mercaptoethanol (-⅐ ⅐ -and ---, respectively). B, protein-thiol complex minus protein difference spectra for the wild-type (OO) and H134A (---) proteins.
gion failed to find an intense negative MCD band(s) corresponding to the lowest energy d-d band (predicted at ϳ1300 nm). Such bands are invariably present in the VTMCD spectra of octahedral Ni(II) complexes with an intensity comparable to that of the other two d-d bands (21, 23) . Moreover, the intensity of the visible VTMCD bands was at least 3-fold that observed for octahedral Ni(II) complexes under comparable conditions. This has led to a reassignment of the VTMCD spectra of native urease and interpretation in terms of a five-coordinate Ni(II) center 2 corresponding to the crystallographically defined Ni-2 center (5). The VTMCD data for H134A mutant urease support this reassignment and provide a direct example of the VTMCD spectra to be expected for a Ni(II) center in urease with a distorted octahedral coordination environment.
XAS provides additional information regarding the electronic and molecular structure of the nickel center in the H134A protein. The integrated intensity of the 8332-eV 1s 3 3d transition in the Ni K-edge x-ray absorption spectrum of H134A urease (Fig. 4A ) is ϳ0.03 eV, consistent with a sixcoordinate environment around the nickel atom (six-coordinate Ni(II) models exhibit integrated intensities for this peak of 0.006 -0.040 eV) (25) . Native urease (with a dinuclear active site) displays a 1s 3 3d peak intensity of 0.058 eV (8) , consistent with a lower average coordination geometry.
Curve-fitting results based on single-shell fits of Fourierfiltered first-shell EXAFS data suggest a total nickel coordination number of six or seven nitrogen/oxygen-containing ligands with an average distance of 2.09 (2) Å (data not shown). FEFF multiple scattering fits confirm this and also give best fits with two imidazole rings directly bonded to nickel, revealing a Ni(imidazole) 2 (N/O) x coordination (x ϭ 4 or 5) (Table III) . The low Debye-Waller as 2 values indicate that the nickel-nitrogen/ oxygen distances are well ordered. Fig. 4B displays the comparison between raw EXAFS data and the simulation based on two imidazoles plus four other nitrogen/oxygen-containing ligands (Fit 6 in Table III) ; the Fourier transforms are shown in Fig. 4C . The highly uniform nickel-ligand distances obtained by this technique contrast with the results from the crystal structure. These differences are likely to arise from the lower resolution of the crystal structure compared with EXAFS.
Concluding Remarks-This study highlights the requirement of Ni-2 for formation of active urease and demonstrates the ability of Ni-2 to modulate the coordination geometry of Ni-1. Despite the dramatic change occurring at the metallocenter when comparing the mutant and wild-type proteins, the structure of the protein backbone remains essentially unchanged. Furthermore, Lys-217 is carbamylated in the H134A protein, establishing that carbamylation can occur in the absence of Ni-2. VTMCD spectroscopic analysis of this protein has already proven useful in better understanding the spectrum of the native enzyme. 2 Finally, our detailed characterization of this metallocenter has established an important new benchmark against which the nickel-binding sites of other proteins can be compared.
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